The paper analyzes the structural response of a high-level air blast loaded cable-supported façade. Since the glass panels and the cables present a typical brittle behavior and are subjected to elevated tensile stresses when a high-level explosion occurs, multiple dissipative devices are simultaneously introduced in the conventional glazing system to mitigate the maximum effects of the design blast wave. Dynamic analyses are performed using a sophisticated FE-model to describe accurately the response of the façade equipped by dissipative devices. Based on numerical results of previous contributions, viscoelastic spider connectors (VESCs) are introduced in the points of connection between glass panels and pretensioned cables, to replace "rigid" spider connectors commonly used in practice. At the same time, rigid-plastic frictional devices (RPDs) are installed at the top of the bearing cables to mitigate furthermore the bracing system. As a result, due to the combined use of VESCs and RPDs opportunely calibrated, the maximum tensile stresses in the glass panels and in the cables appear strongly reduced. In addition, the proposed devices do not trouble the aesthetics of such transparent structural systems. At last, simple design rules are presented to predict the response of cablesupported façades subjected to high-level dynamic loads and to preliminary estimate the mechanical parameters of combined VESCs and RPDs.
Introduction
The effects of air blast loads on the dynamic behaviour of glazing façades constitute a topic of great interest and actuality. Because of this reason, numerous authors recently focused on the typical behaviour of simply supported glass plates subjected to explosions, providing interesting analytical formulations [1] [2] [3] [4] . In [5, 6] , Wei and Dharani proposed a energy-based failure criterion for laminated glass panes subjected to blast loads, useful to predict the breakage of glass and the size of possible glass shards. Larcher et al. [7] , as well as Hooper et al. [8] , numerically simulated the behavior of laminated glass panels supported by metallic frames and loaded by air blast waves. In their finite-element (FE) models, the possible cracking of glass was taken into account. Weggel and Zapata [9] and Weggel et al. [10] investigated the dynamic behaviour of a nearly conventional laminated glass curtain wall with split screw spline mullions subjected to low-level blast loading. A unitized curtain wall subjected to high-level blast loads has been recently studied also in [11] , and the structural effects of a dissipative system composed of viscoelastic devices introduced in conventional rigid steel brackets have been investigated. An advanced parametric study has been recently performed on laminated glass window elements under blast loads [12] .
Teich et al. [13] focused on the structural response of a cable-net façade subjected to air blast loads, highlighting the influence of the negative phase pressure on the global response of similar glazing systems. Wellershoff et al. [14, 15] focused on the development of glass clamp-cable connectors and cable-end connectors able to work as crash absorbers and to plasticize in blast enhanced cable-supported façades.
As highlighted also in [16, 17] , cable-supported façades subjected to explosions present a typical behaviour that strongly differs from the dynamic response of conventional curtain walls or buildings. In them, the glass panels represent the primary source of damage, since they mainly absorb the incoming energy due to the explosive blast wave. At the same time, the glass panels transfer elevated forces to the other components of the façade (connectors, bearing cables) and to the structural backup.
Based on numerical results of previous contributions [16, 17] , the paper investigates the behavioural trends of a cablesupported façade subjected to high-level blast loads (Level D-GSA [18] ) by means of numerical simulations and analytical predictions. To improve the global dynamic response of the examined façade, multiple dissipative devices are introduced in the traditional glazing system. Firstly, viscoelastic spider connectors (VESCs) are introduced at the points of connection between the cables and the laminated glass panels. At the same time, rigid-plastic frictional devices (RPDs) are simultaneously installed at the top of the supporting cables to mitigate them further. In this manner, due to VESCs, the air blast pressure acting on the façade does not completely transform into elastic energy stored by the harmonic steel cables, but VESCs partly absorb and dissipate them; thus, the maximum tensile stresses in glass panes and cables strongly decrease. An additional reduction of maximum forces in the cables can be provided by RPDs, which allow dissipating a part of the incoming energy due to the sliding of two metallic surfaces in contact. Finally, simple analytical formulations are presented to constitute a preliminary design approach for similar cable-supported systems.
Cable-Supported Glazing Façade
The studied façade consists in 1.55 m × 3.00 m, 10/4.52/10 mm laminated glass panels, obtained by assembling two fully tempered glass sheets and a middle PVB-film [16, 17] . The façade is assumed = 9.00 m tall and large enough to study a singular 1.55 m × 9.00 m modular unit ( ≫ , Figure 1 ). High carbon content harmonic steel cables (diameter = 36 mm, axial stiffness cable ≅ 11300 kN/m) subjected to an initial pretension 0 = 300 kN support the cladding wall.
Each laminated glass panel is six-point fixed, by means of four-hole (corners) and two-hole spider connectors (midspan of the vertical edges; Figure 1 ). The typical spider (Figure 2 ) consists of a stainless steel four-hole (or two-hole) crossbar linked to the glass panels through metallic fasteners (e.g., rotules). A stainless steel supporting bar connects the crossbar to the pretensioned cable. As a result, the spider constitutes a "rigid" connector for the cladding wall.
Commonly, as in the studied example, four-hole spider connectors are introduced at the corners of glass panels, so that four panels could be contemporarily constrained ( Figure 1) . Similarly, two-hole spider connectors are introduced at the midspan of glass sheets edges, in order to provide intermediate supports between adjacent panels (Figure 1 ). In any case, both the typologies of spider connectors provide the same pointconstraint to glass sheets, as schematized in Figure 2 . When subjected to high-level air blast loads, a similar facade undergoes large deflection and is affected by elevated tensile stresses in the glass panels as well as in the bearing pretensioned cables [16, 17] . Although explosions represent an exceptional loading condition for buildings, the possible collapse of the curtain wall should be avoided. In this context, as proposed in the following sections, opportunely designed dissipative devices could be successfully introduced in the points of connection between the glass panels and the cables, as well as in the points of connection between the cables and the structural backup. In this manner, the global dynamic response of the façade due to high-level blast pressures could be improved and cracking of glass panes could be avoided with obvious benefits for the stability of the entire cladding wall.
Viscoelastic Dissipative Spider Connectors (VESCs).
The primary characteristic and the main effectiveness of the proposed viscoelastic system consists in the partly absorption/dissipation of the incoming energy due to explosions and in the mitigation of the main components of the curtain wall, especially the glass panes. A similar effect can be achieved by introducing viscoelastic devices in substitution of conventional "rigid" spider connectors [16] . The result, as proposed in Figure 3 , consists in a spider connector equipped by viscoelastic devices (VESC). The efficiency of a similar mechanism directly depends on the dissipative capabilities of the used viscoelastic layer. Polymers, glassy materials, natural rubber, or rubbers with additives able to dissipate energy if subjected to shear deformations are largely used in engineering applications. Generally, the effectiveness of a viscoelastic device is expressed in terms of stiffness and damping ratio , which are related to the mechanical characteristics and to the size of the dissipative layer. Specifically, the damping ratio is associated to the stiffness as [16] = ,
where is the operating frequency of the system. In this work, as well as in [16] the mechanical properties of a rubber with high dissipative capabilities were taken into account ( = 1 MPa, = 0.6). In addition, to not trouble the aesthetic of the studied façade, the dissipative layer was considered ℎ VESC = 0.02 m thick and VESC = 0.03 m long ( = 283 kN/m ≅ cable /40, = 3.4 kN s/m). As a result, when the explosion occurs, the inner cylinder slides through the external one and the viscoelastic system partly absorbs and dissipates the incoming blast energy (Figure 3 ).
In these hypotheses, an optimal calibration of the rigidity is fundamental to maximize the structural effectiveness of a similar mechanism. Generally, if the used viscoelastic devices have an excessive stiffness , the damping ratio increases (1) max and the higher is the dissipation of the incoming energy due to air blast loading, therefore, the higher is the mitigation of the components of the façade-module.
As highlighted in [16] , the effectiveness of similar devices explains in strongly cutting down the maximum tensile stresses occurring in the glass panes, in presence of high-level explosions as well as ordinary dynamic loads. In addition, since VESCs dissipate a part of the incoming energy due to the external impulse, the façade can be considered subjected to a "reduced" design blast wave; consequently, the maximum axial forces occurring in the cables, as well as the maximum deflection of the facade, can be obviously reduced.
Frictional Rigid-Plastic Devices (RPDs).
The second typology of dissipative devices consists in a frictional system to be installed at the top (or at the bottom) of pretensioned cables [17] . The primary characteristic of the proposed rigid-plastic frictional devices (RPDs) consists in limiting the axial forces in the cables to a preestablished maximum value. The sliding of two metallic surfaces in contact guarantees a similar effect; consequently, the parameter able to describe their dynamic behaviour is the sliding force . Generally, a frictional device consists in three metallic plates joined together by a series of pretensioned bolts and a slotted hole. Two outer plates and the bearing structure are joined together, whereas the middle plate is connected to the cable (Figure 4) .
If the external axial load is higher than , the frictional device starts sliding; thus, it reduces maximum axial forces in the cable and it partly dissipates in heat the input energy. As a result, the frictional device exploits its effectiveness only in specific blast loading scenario, whereas it provides a rigid connection to the bearing cables in presence of low-intensity explosions or ordinary loads [17] . Particular attention should be dedicated to the design of similar devices. In fact, as it would be expected, the sliding of the metallic plates in contact causes a loss of pretension in the bearing cables; thus, if their sliding force is not opportunely calibrated, the facade could collapse. In addition, differing from VESCs, frictional devices do not allow mitigating the glazing surface. However, as proposed in the following sections, the use of RPDs in combination with VESCs could maximize the effectiveness of both the mechanisms.
Blast Load.
A numerical code developed at University of Trieste was used to describe the time varying-pressure blast wave characterizing a high-level (Level-D of GSA) air blast load [18] . As proposed in Figure 5 , the corresponding pressure-time curve consists in a triangular pulse, which instantaneously reaches its maximum value (static overpressure peak = 68.9 kPa) and decays to zero pressure in a relatively short positive phase (duration = 0.025 s). Based on numerical simulations performed in [16, 17] , only the positive phase of the design blast load was taken into account in performed dynamic incremental analyses.
FE-Modelling of the Façade with Viscoelastic Spider Connectors and Frictional Devices
According with the schematic layout proposed in Figure 1 , the studied façade was modelled using the finite element computer program ABAQUS/Explicit [19] and a single modular unit consisting in three 10/4.52/10 mm laminated glass panels, a series of half viscoelastic spider connectors, a pair of pretensioned cables, and two frictional devices was taken into account in numerical simulations ( Figure 6 (a), and [16, 17] ). Laminated glass panels were described by means of 410 four-node three-layer composite shell elements (S4R). Glass was assumed as an isotropic linear-elastic material, whereas for the PVB-film an elastoplastic characteristic curve was taken into account (yielding stress ,PVB = 8 MPa and failure strain 300% [20] ). Harmonic steel of cables, as well as stainless steel constituting the connectors of the facade-module, were assumed to behave linear elastically, as summarized in Table 1 .
The pretensioned cables were modelled in the form of truss elements (T3D2, 12 elements) having a cross-section area equal to half the nominal one. The initial pretension force was applied by imposing a vertical displacement at the base of the cables. Only displacements were allowed for all the cable nodes. At the same time, the frictional devices were introduced in the FE-model of the façade module in the form of axial connectors joined at the top of each cable and rigidly connected to the structural backup ( Figure 6 ). To describe the typical cyclical response of similar devices in presence of high-level air blast loads, a rigid-plastic characteristic curve was defined in ABAQUS. Based on the results of preliminary simulations, a value = 650 kN = 2.15 0 was taken into account for the sliding force of each RPD.
Each half -VESC was described as a conventional rigid spider connector equipped by two (four-hole spider) or one (two-hole spider) viscoelastic devices, according with their geometry ( Figure 1 ) and distribution along the height of the FE-model ( Figure 6 (a); white dots for two-hole spider connectors and black dots for four-hole spider connectors). As a result, each half VESC consists, respectively, in three (fourhole) or two (two-hole) rigidly connected beams (B31, 24 elements) joined together by means of a weld connector able to provide a fully bonded connection between the relative displacements and rotations of the spider components ( = = = 0 and = = = 0). Based on the discussed modelling assumptions, the supporting bar of each VESC is described by means of a B31 beam element having a crosssection area equal to half the nominal one.
All the connector nodes were opportunely constrained, in accordance with the expected behaviour of the single façade-module; therefore, only displacements and rotations were allowed under blast load. Since the façade was assumed large enough ( ≫ ) to neglect its lateral restraints (Section 2), the same boundary conditions were ensured also for the nodes composing the glass panels.
The modelled spiders allow the glass panels interacting with the vertical cables by means of join connectors, prohibiting possible relative displacements in the interested nodes ( = = = 0). The single viscoelastic device is then introduced in the FE-model in the form of a linear elastic axial spring (Figure 6(b) , detail of half four-hole VESC). To avoid excessive sliding in each viscoelastic device, the presence of additional rigid blocks, modelled in the form of a nonlinear axial spring working in parallel with the first one, was taken into account. To avoid the breaking of the viscoelastic layer, the maximum sliding VESC max of this spring, having zero initial stiffness until the reaching of VESC max , was set equal to VESC max = 0.05 m. Finally, although negligible, a total damping ratio TOT = 2.9% [16, 17, 21] was introduced in FE-model as a Rayleigh mass proportional damping to simulate the possible effects of structural, aeroelastic, and PVB-material damping.
Results of Nonlinear Dynamic Analyses.
Numerical analyses were performed on the FE-model of the facade-module equipped by VESCs and RPDs to study the behavioural trends of the glazing system subjected to a Level D-GSA blast load and to highlight the structural benefits involved by the use of multiple devices. All the analyses had a total duration of 1.1 s. The initial instants (0 < < 0.10 s) were used to impose the initial pretension force to the cables. In the subsequent instants (0.10 s < < 1.10 s) a Level D-blast load was applied to the glass surface in the form of a uniformly distributed, impulsive load blast representative of the positive phase of the time-pressure function proposed in Figure 5 . To ensure the accuracy of numerical results, the maximum time step was set equal to 0.00001 s. Once the dynamic explicit procedure was completed, the used mean time increment VESCs manifest their structural effectiveness in the capability of introducing additional deformability/dissipative capabilities in the studied curtain wall [16] . As a result, as it would be expected, major structural benefits can be observed in the glass panes (Figures 7-9 ). The introduction of VESCs of appropriate mechanical properties does not modify the distribution of tensile stresses in them (the first peak occurs at the centre of the middle panel) but evidently allows to reduce their intensity. As a consequence, the first peak of tensile stress in L1 is equal to glass, max = 85.73 MPa ( Figure 7 and Table 2 , Δ glass, max = −38%). Optimal results can be observed also at locations L2 and L3, where the glass panel is directly connected to viscoelastic devices and the beneficial effects of the proposed mechanism are maximized ( Figures  8 and 9 and Table 2 ; Δ glass, max = −35% at location L2 and Δ glass, max = −42% at location L3). It is also interesting to notice that VESCs allow to strongly cut down the axial forces in the bearing cables ( cable, max = 798 kN, with Δ cable,max = −7%; Figure 10 and Table 3 ), and at the same time to preserve the initial pretension force 0 ( cable,min = 306 kN = 1.02 0 , Table 3, Figure 10 ). Consequently, the midspan cable deflection of the façade module equipped by VESCs results slightly reduced by the beneficial viscoelastic mechanism ( Figure 11 and Table 3 ; cable, max = 0.41 m, with Δ cable, max = −7%).
Numerical simulations allowed to notice that the simultaneous introduction in the studied façade module of VESCs and RPDs can improve significantly the dynamic response of the glazing system, strongly mitigating the effects of a high-level air blast load. Undoubtedly, as highlighted in the previous sections, RPDs can activate only if the maximum axial forces occurring in them are higher than the sliding force . As a result, in presence of low-level explosions or ordinary dynamic loads, the structural components of the studied façade module are protected only by VESCs.
As proposed in Figures 7-9 and Table 2 , when RPDs opportunely designed are used in combination with VESCs, no significant modification can be observed in terms of maximum values of tensile stress occurring in the glass panels, especially if these results are compared with the response of the façade module equipped only by VESCs. Nevertheless, due to the modification of the fundamental period of vibration of the glazing system equipped by VESCs and RPDs, noticeable modifications can be seen in terms of distribution of tensile stresses on the glass surface ( Figures  7-9) . A similar result does not restrict the validity of RPDs. The major objective of RPDs consists in fact in controlling the maximum pretension forces in the cables; therefore, only VESCs contribute in preserving the glass sheets from cracking.
As proposed in Figure 10 , the use of multiple dissipative devices strongly reduces the maximum axial forces occurring in the cables ( cable, max = 658 kN, Δ cable,max = −29%). A significant loss of initial pretension occurs in the bearing systems, since the effectiveness of RPDs necessary implies a drop in the initial pretension. In general, the major is the loss of pretension and the major should be the increasing of the façade deflection, thus, the possibility of collapse for the façade module deprived of an efficient bracing system. In this context, the combined use of RPDs and VESCs exploits the effectiveness of the multiple dissipative mechanisms. As proposed in Figure 11 , the deflection of the façade module equipped by VESCs and RPDs slightly increases ( cable, max = 0.44 m) because of the loss of pretension due to RPDs ( cable,min = 115 kN = 0.36 0 ). Nevertheless, since the façade can be considered subjected to a "reduced" blast impulse, the loss of initial pretension is not associated with deflections in the façade higher than the deflections occurring in absence of dissipative devices (Table 2 ).
In conclusion, the glass panels can be strongly mitigate due to VESCs, whereas the bearing cables can be protected from elevated axial forces by RPDs, an in minor part by VESCs.
Due to the introduction of VESCs and RPDs, also the energy balance of the studied façade module strongly modifies. As it would be expected, if the façade module is not equipped by devices, the maximum elastic energy is stored by the bearing cables (Figure 12 ), whereas its contribution in glass panels or connectors is negligible. In the same circumstance, the glass panels store the major term of kinetic energy, as highlighted in Figure 12 . In addition, in absence of VESCs or RPDs, dissipation of the external impulse due to blast can occur only due to aeroelastic or structural damping. As highlighted in FE-modeling description, a total damping ratio TOT = 2.9% was taken into account.
When VESCs are introduced in the glazing system to replace the conventional spider connectors, an important improvement of the damping capabilities of the façade module can be noticed (Figure 13 ). Their strong dissipative contribution implies an appreciable reduction of elastic and kinetic energies stored by the cables and the glass panels. In fact, just because of the working mechanism of VESCs, the façade module can be considered subjected to a "reduced" impulse of blast load. This specific aspect should be taken into account in the dimensioning of RPDs. If VESCs and RPDs are used simultaneously to mitigate the façade-module, in fact, the additional dissipative capabilities of RPDs can be considered applied to a glazing system subjected not to the total impulse of explosion TOT but to a minor impulsive blast load. As a result, due to the sliding of the metallic surfaces constituting a typical frictional device, an additional plastic dissipation can be taken into account, with further obvious benefits for the bearing cables and the glass panels ( Figure 14) . To maximize the effectiveness of VESCs and RPDs, the dissipative devices should be designed and calibrated with attention. Nevertheless, simple energy consideration could be useful in a first dimensioning of the proposed mechanisms as proposed in the following sections.
Maximum Effects of Blast Loading and Preliminary Design of Devices
The maximum effects on the studied façade due to the design air blast load can be estimated by simplifying the multi-degree-of-freedom (MDOF) cable-supported façade with an equivalent single-degree-of-freedom system (SDOF) [16, 17] . Based on simple energy considerations, the maximum deflection and velocity of the oscillating glazing system, as well as the maximum axial forces occurring in the bearing cables, can be known. The estimated maximum effects of explosion do not allow taking into account the maximum tensile stresses occurring in the glass panels; therefore, additional numerical simulations should be performed. Nevertheless, they could constitute a starting point for the dimensioning of VESCs, as well as for the definition of the sliding force characterizing the cyclical response of RPDs.
Dynamic Response of the Façade Not Equipped by Devices.
Let us consider the dynamic parameters of a SDOF system equivalent to the examined cable-supported façade module. The equivalent mass * , stiffness * , and fundamental period * 0 of vibration can be expressed as [16, 17] In (3) and (4), cable is the cable length, = 668 Kg is the total mass, and = 0 is the initial pretension force affecting the cables. Due to the incoming impulse TOT associated with the design blast load, the maximum pretension force in cables abruptly and significantly increases, reaching a maximum value approximately equal to
where blast = 8 3
cable is the Young's modulus of harmonic steel constituting the cables (Table 1) , and max is the maximum deflection of the façade due to the design explosion. Rationally, to predict the maximum deflection max and velocitẏm ax reached by the oscillating façade module, simple energy considerations can be taken into account, leading to [16, 17] 
As result, to properly estimate max an iterative process should be performed by iteratively substituting (5) in (3), until the obtained displacement max (7) remains constant.
Numerical and analytical comparisons summarized in Table 4 confirm the accuracy of the proposed approach.
Dynamic Response of the Façade with VESCs.
The façade module equipped by VESCs can be assimilated to an equivalent SDOF system having mass * (2) and equivalent stiffness/dissipative properties ( * TOT , * TOT ) defined as a function of the characteristics of each viscoelastic device ( , [22, 23] ). Specifically, * TOT can be estimated as the equivalent stiffness of a SDOF system in which the cable of rigidity * (3) works in series with VESCs as follows:
where
the total stiffness provided by the series of VESCs, VE the distance between VESCs, and the number of viscoelastic devices in each VESC (in presence of four-hole and two-hole connectors, a medium value should be considered for ). Based on (9), the fundamental period of vibration results in * 0,VE = 2 √ * * TOT
where * 0 as given by (4) . At the same time, the total damping coefficient of the SDOF system equipped by VESCs is * where * 0,VE as the fundamental frequency of vibration of the system (11) and *
In (13), * = 2 TOT * 0
represents the damping ratio of the conventional façade module ( TOT = 2.9%), * 0 is the fundamental frequency of vibration (4), and = 668 Kg the corresponding total mass.
In addition * VE = 8 15 VE cable (15) represents the total damping ratio * VE of VESCs. In these hypotheses, once the equivalent dynamic parameters of the SDOF system are known, it is possible to estimate the maximum effects of a given explosion on the studied glazing system with VESCs. However, a further iterative procedure should be performed. The maximum deflection TOT, max of the SDOF system should be in fact calculated by means of (7) by substituting * (3) with * TOT (9) . It is important to notice that TOT, max is higher than the effective deflection of the façade module, since calculated on the basis of the total impulse TOT . Nevertheless, its estimation is fundamental in determining the sliding of viscoelastic devices when the explosion occurs.
Consider
To avoid the cracking of the viscoelastic layer due to explosion, VESC max should satisfy the limit condition VESC max = VESC max /ℎ VESC = 2 ÷ 2.5. Based on (16), the effective maximum elastic energy stored by VESCs can also be estimated as
therefore, it is possible to assert that the total impulse TOT of the explosion does not entirely transfers through VESCs to the cables, but only a reduced impulse red affects them as follows:
In these hypotheses, a third iterative procedure should be carried out to estimate the maximum cable deflection and the final pretension due to the "effective" explosion of impulse red (18) by taking into account the additional deformability/dissipative capabilities of VESCs. To calculate the real cable deflection max (7), it is sufficient to substitute TOT with red (18) and * (3) with * TOT (9) . The corresponding velocity is given by (8) , with TOT ≡ red (18) , whereas the maximum total pretension ( max ) red occurring in the mitigated cables can be calculated with (5), as the sum of the initial pretension force 0 and the increasing of pretension ( blast ) red (6) due to the reduced impulse red . As proposed in Table 5 , also in this circumstance numerical predictions are in good agreement with analytical estimations.
Dynamic Response of the Façade with VESCs and RPDs.
If RPDs are used in combination with VESCs, an additional frictional dissipation capability is introduced in the conventional glazing system. The effectiveness of RPDs directly depends on the amount of their sliding. The amount of plastic energy dissipated by friction is in fact as follows:
where is the sliding force of RPDs and RPD max is their maximum sliding due to the design explosion.
Nevertheless, the optimal solution should be identified by taking into account the loss of initial pretension in the bearing cables typically associated with the effectiveness of the proposed frictional mechanism. In general, the maximum sliding of RPDs should not exceed the limit [17] as follows:
which represents the sliding associated to the complete loss of pretension in the cables. At the same time, the optimal value for the sliding force should be estimated not ignoring that the maximum increment of pretension in the cables ( max ) red due to the design explosion is already mitigated by VESCs (third iterative procedure, as discussed in the previous section). In these hypotheses, a rational value for should be preliminary assumed equal to ≅ 0.85( max ) red . Once the force is estimated, the corresponding sliding in the frictional device due to the occurring explosion can be calculated as [17] RPD max (20) . In the studied example, as previously asserted, a value of = 650 kN = 0.80( max ) red < 0.85( max ) red was taken into account for the sliding force of frictional devices, since performed simulations demonstrated that this value is associated to major benefits in the investigated facademodule.
As result, the maximum sliding of RPDs due to the effective blast load results approximately equal to RPD max ≅ 15.9 mm (21); therefore, not only it evidently is lower than the limit acceptable sliding RPD limit = 26.5 mm (20) , but also it agrees well with numerical predictions (Table 6 ). In these hypotheses, also the residual pretension in each cable final after the occurring of explosion and the involvement of VESCs + RPDs, given by
which is in good agreement with numerical results (Table 6 or Figure 10 ). The plastic energy RPD friction dissipated by the adopted RPDs (19) is equal to RPD friction = 10335 J, and this value finds again a good correspondence with the numerical energy balance proposed in Figure 14 (blue pattern), where it can be noticed that ( RPD friction ) ABAQUS ≅ 10000 J. At last, due to the combined interaction of optimally designed VESCs and RPDs, the maximum deflection max of the façade module can be approximately estimated by (7), as proposed in Table 6 . The reference SDOF system can be in fact characterized by an equivalent stiffness * TOT given by (9) , in which the stiffness of the façade module not equipped by devices * (3) can be directly estimated by assuming = max = (with blast = − 0 the expected maximum increment of pretension), due to designed RPDs. At the same time, due to adopted VESCs, the façade can be considered subjected to a "reduced" design explosion of total impulse red (18).
Design Approach.
Based on the assumptions proposed in the previous sections, the following steps could help designers to optimize the effectiveness of VESCs and RPDs and the dynamic response of the studied cable-supported façade.
(1) Preliminary design of the façade module and first estimation of maximum blast effects.
(a) Choice of the design air blast load (definition of the total impulse TOT due to explosion) (b) preliminary design of the façade-module (cables diameter, initial pretension, and glass thickness), and (c) simplified dynamic analysis of the façade-module without devices (first iterative procedure): evaluation of maximum displacement max (7), velocitẏm ax (8), and pretension max (5). (a) Estimation of the limit sliding RPD limit (20) of RPDs associate with the complete loss of pretension in the cables; (b) choice of the optimal value of sliding force , and Rationally, the sliding force should be assumed approximately equal to ≅ 0.85 ( max ) red , with ( max ) red calculated at point 2f; and (c) Check the maximum sliding of frictional devices RPD max (21) due to the "effective" blast impulse red , and the maximum sliding RPD max should not exceed the limit sliding RPD limit (point 3a), and if not, the assumed value of sliding force is not adequate (point 3b).
(4) FE modelling of the façade-module with VESCs and RPDs.
(5) Verification of the glazing system.
Certainly, a similar design procedure depends on the variability of the design blast loading and the mechanical parameters characterizing the dynamic behaviour of the presented VESCs and RPDs. In addition, once the RPDs are introduced at the cable ends and used in combination with VESCs, no analytical formulations can be used to predict the "effective" response of the façademodule equipped by multiple devices. Consequently, additional numerical simulations should be performed. In any case, as proposed in this work, it should not be ignored that the use of multiple devices allows strongly improving the dynamic response of a cablesupported façade. In addition, the proposed design approach provides analytical results that are in good agreement with numerical predictions as proposed in previous sections.
Conclusions
The criticalities of a cable-supported façade subjected to highlevel blast wave pressures were investigated by means of a sophisticated numerical model. Since the glass panels and the bearing cables present typical brittle-elastic behaviour, the occurring in them of elevated tensile stresses should be avoided to preserve the stability of the curtain wall. At the same time, the maximum deflection of the façade should be limited to safeguard the integrity of the point-supported glass sheets. Because of these reasons, based on numerical results of previous efforts, the effects of multiple dissipative devices were analyzed numerically. The proposed devices consist in viscoelastic spider connectors (VESCs) introduced in the points of connection between the glass panels and the bearing cables and in additional rigid-plastic frictional devices (RPDs) installed at the top or bottom of the pretensioned cables. As shown in the paper, numerical simulations have been discussed to highlight the structural advantages and energy-dissipation capabilities due to the combined use of multiple dissipative devices. In particular, VESCs cut down the maximum tensile stresses in glass panes due to air blast and reduce axial forces and deflections in the cables. At the same time, the joined use of RPDs allow to furthermore control and limit the maximum pretension forces occurring in the bearing cables, improving the structural effectiveness of single VESCs. At last, simple design rules derived from energy considerations were proposed for a first estimation of the maximum effects of a high-level air blast load and for a preliminary design of the proposed multiple devices.
